INTRODUCTION
============

Gamma-aminobutyric acid (GABA) is the most widely distributed inhibitory neurotransmitter in the central nervous system (CNS) \[[@b1-pi-2019-05-13-2]\]. Excessive GABAergic signaling is associated with sedation, amnesia, and ataxia. Conversely, the mildest attenuation of GABAergic signaling induces arousal, anxiety, restlessness, insomnia, and exaggerated reactivity \[[@b2-pi-2019-05-13-2]\]. Instability of GABA function in the CNS has been linked to psychiatric disorders \[[@b3-pi-2019-05-13-2]\]. For example, GABA receptors are clearly involved in the acute effects of alcohol, tolerance, self-administration and alcohol dependence \[[@b4-pi-2019-05-13-2]\]. In addition, dysfunction of the central GABA system is related to anxiety and depressive disorder \[[@b5-pi-2019-05-13-2]\]. Therefore, specific medications related to GABA have been prescribed to manage the psychiatric and neurological disorders \[[@b5-pi-2019-05-13-2]\]. Acamprosate used to treat alcohol use disorder contains a chemical structure similar to that of GABA \[[@b6-pi-2019-05-13-2]\] and has been found to modulate NMDA and GABA transmission \[[@b7-pi-2019-05-13-2]\]. In both human and animal studies, positive modulators of GABA receptors generally show anxiolytic effect, while negative modulators induce anxiety \[[@b5-pi-2019-05-13-2]\]. GABA agonists, GABA analogs, and agents affecting transmitter metabolism such as benzodiazepine, gabapentin, and valproate showed anti-anxiety, sedative and anti-epileptic activity \[[@b5-pi-2019-05-13-2],[@b8-pi-2019-05-13-2],[@b9-pi-2019-05-13-2]\].

Meanwhile, the rice breeding team of the National Institute of Crop Science (NICS) in Korea developed the Black Sticky Rice with Giant Embryo (BSRGE, "Nunkeunheugchal," registration No. 01-0001-2014-4), which is created in 2012 with the aim of maximizing the functional ingredients of rice. The embryonal weight of "Nunkeunheugchal" is 1.46 mg. It is 3 times heavier than the general rice "Josaengheugchal." The embryo contains a GABA concentration of 34 mg/100 g, which is 7 times higher than in "Josaengheugchal." The GABA content of the germinated rice in "Nunkeunheugchal" is 88 mg/100 g, which is 1.7 times higher than that of "Josaengheugchal" \[[@b10-pi-2019-05-13-2]\] ([Table 1](#t1-pi-2019-05-13-2){ref-type="table"}). Investigations suggest an association between alcohol intake, alcohol-related indices and effects of BSRGE. Kim et al. \[[@b11-pi-2019-05-13-2]\] reported that feeding BSRGE freely to C57BL/6 mice induced a significant decline in 2-h alcohol intake compared with the control group. The changes in 2-h alcohol intake were attributed to higher GABA levels in BSRGE than in the general brown rice. Jung et al. \[[@b12-pi-2019-05-13-2]\] reported that alcohol in combination with GABA extract in social drinkers affected alcohol-related indices after binge drinking associated with gender-related differences in sedation. Based on the results of these two studies, BSRGE containing high GABA concentrations might suggest an association with alcohol-related effects and alcohol intake. Additionally, the BSRGE intake of C57/BL6 mice reduced anxiety-related behavior in elevated plus maze test \[[@b13-pi-2019-05-13-2]\].

The results of these previous studies suggest that the daily intake of BSRGE may alter the degree of alcohol intake, alcohol-related indices and anxiety-related behaviors, suggesting the need for comprehensive clinical investigations. In recent years GABA has been used as a food supplement. In the US and Europe, GABA is considered as a "food constituent" and a "dietary supplement," respectively \[[@b14-pi-2019-05-13-2]\]. GABA-enriched foods including many cereals, dairy products, meat, vegetables and beverages were already reported \[[@b15-pi-2019-05-13-2]\]. Interestingly, GABA has long been considered not to cross the blood brain barrier (BBB), which prompted questions about its pharmacological mechanisms underlying its beneficial effects \[[@b14-pi-2019-05-13-2]\]. Because BBB is a tightly sealed layer of cerebral endothelial cells and prevents the entry of most solutes from the brain on the basis of size, charge and lipid solubility, especially polar or hydrophilic molecules that are \>500Da, which cannot cross the tight junction \[[@b16-pi-2019-05-13-2]\]. However, GABA-enriched foods and supplements have been shown to relieve anxiety and induce better sleep quality, in addition to other beneficial effects.14 In addition, Yoto et al. \[[@b17-pi-2019-05-13-2]\] reported that oral intake of GABA affects mood and CNS activities under mental stress induced by mental tasks. A few studies suggested that the BBB is far more dynamic than presumed in the past, and limited solute diffusion occurred via transcytosis, carrier-mediated transport, or simple diffusion of hydrophobic substances \[[@b18-pi-2019-05-13-2]\]. Thus, the role of oral GABA diffusion across BBB directly, and its effect on GABA receptors in the brain is disputed. However, it is difficult to identify the mechanisms underlying the BBB permeability of GABA or its effect in the human brain.

Therefore, the purpose of the present study is to elucidate the effect of oral administration of Black Sticky Rice with Giant Embryo (BSRGE) on brain GABA concentration using ELISA, compared with administration of single GABA compound and controlled regular feed. In addition, change of glutamate concentration in the brain is also analyzed because of overlapping pathways between brain GABA and glutamate metabolism and importance of glutamate/GABA balance or excitatory/inhibitory balance in CNS synaptic function \[[@b19-pi-2019-05-13-2]\].

METHODS
=======

Study animals
-------------

Twenty-one 8-week-old male C57BL/6 mice were used in the present study. A temperature of 23±2°C and a humidity of 55--65% were maintained, and feed and water were provided ad libitum. After acclimation of the mice for 7 days, the study was performed. The present study was approved by the Pusan National University Institutional Animal Care and Use Committee (PNU-2015-0777).

Reagents and materials
----------------------

The glutamate and GABA ELISA kits used were manufactured by Novatein Bioscience (Boston, MA, USA) and My-BioScience (San Diego, CA, USA) respectively. Other materials were obtained from Sigma Aldrich (San Diego, CA, USA).

Distribution of experimental group and feed administration ([Table 2](#t2-pi-2019-05-13-2){ref-type="table"})
-------------------------------------------------------------------------------------------------------------

Experimental animals were divided into groups of 7 each and assigned to BSRGE, regular feed, and GABA compound (Sigma Aldrich) combined with regular feed. Regular feed served as the control feed. The commercially available GABA compound was also provided to compare with BSRGE enriched with GABA. The regular feed lacked GABA and glutamate content. The groups treated with BSRGE and GABA compound with regular feed were ensured exposure to similar GABA content. Each group was permitted free intake for 48 h. The body weight and food levels were determined before and after feeding freely for 48 h.

Measurement of GABA and glutamate concentrations in mouse brain
---------------------------------------------------------------

ELISA was used to measure GABA and glutamate concentrations in the mouse brain. The animals were exposed to isoflurane anesthesia and their cerebral cortex and striatum were separated. The brain tissue was pulverized in artificial cerebrospinal fluid (125 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4, 26 mM NaHCO3, 1.25 mM NaH~2~PO4, 2.0 mM CaCl~2~, and 10 mM glucose, pH--7.4), followed by centrifugation under 4°C for 15 min. After 100-fold dilution, the optical density of glutamate and GABA was measured at 450 nm by ELISA according to the kit protocol. The required concentrations of GABA and glutamate were calculated from the graph plotted using standard and optical density values obtained.

Statistical analysis
--------------------

The mean and standard deviations of changes in both body weight and food intake per body weight were calculated using descriptive statistics, and the statistical significance was analyzed by one-way ANOVA. The homogeneity of variance was tested and post hoc analysis was performed by Bonferroni and Tamhane method. The mean and standard deviation of optical density measured by ELISA was also confirmed by descriptive statistics. The homogeneity of variance was tested and post hoc analysis was performed by the Tukey method. SPSS (ver. 18; SPSS Inc., Chicago, IL, USA), a social science statistics program for Windows, was used for statistical analysis and statistical significance level was defined as p\<0.05.

RESULTS
=======

Changes in mouse weight and amount of feed intake ([Table 3](#t3-pi-2019-05-13-2){ref-type="table"})
----------------------------------------------------------------------------------------------------

The 48-h changes in body weight were: -1.70±0.68 (g) in the BSRGE group, -0.89±0.51 (g) in the regular feed, and -0.22±0.25 (g) in the GABA compound group, with statistically significant differences (p\<0.001). Post hoc analysis showed a greater weight loss in the BSRGE group compared with the GABA compound group (p=0.002). The regular feed group showed significantly higher weight loss than the GABA compound group (p=0.038).

The amount of food intake over a period of 48 h was 179.38±41.60 g/kg in the BSRGE group, 205.47±27.59 g/kg in the regular feed group and 238.48±21.16 g/kg in the group treated with GABA compound, with significant differences (p=0.009). Post hoc analysis showed that the amount of feed intake in BSRGE group was significantly less than in GABA compound group (p=0.007).

Altered GABA and glutamate concentrations after each 48-h food intake ([Table 4](#t4-pi-2019-05-13-2){ref-type="table"})
------------------------------------------------------------------------------------------------------------------------

### GABA concentrations of striatum and cortex (BSRGE vs. regular feed and GABA compound)

The GABA concentration of striatum and cortex after a 48-h feeding was 5.72±0.22 (μmol/L) in the BSRGE group, 4.53±0.08 (μmol/L) in the regular feed group, and 4.31±0.05 (μmol/L) in the GABA compound group, with statistically significantly differences (p\<0.001). Post hoc analysis revealed higher GABA concentration in the BSRGE group compared with the regular feed group (p\<0.001) and GABA compound group (p\<0.001).

### Glutamate concentrations of striatum and cortex (BSRGE vs. GABA compound)

The glutamate concentration of striatum and cortex after a 48-h feeding was 0.41±0.02 (μmol/L) in the BSRGE group, 0.44±0.03 (μmol/L) in the regular feed group and 0.32±0.01 (μmol/L) in the GABA compound group, with statistically significantly differences (p=0.005). Post hoc analysis revealed higher glutamate concentration in the BSRGE group compared with that of GABA compound group (p=0.03). The glutamate concentration of the groups exposed to regular feed was higher than in the GABA compound group (p=0.005).

DISCUSSION
==========

In the present study, the oral intake of BSRGE significantly increased GABA concentration in mouse brain compared with exposure to GABA compound and regular feed. The glutamate concentration of mouse brain after BSRGE oral intake showed no significant changes compared with regular feed. Accordingly, the oral intake of BSRGE appears to influence the brain GABA concentrations in mouse.

Initial studies from the fifties reported the inability of GABA to penetrate the BBB, which was further corroborated by several studies \[[@b14-pi-2019-05-13-2]\]. However, GABA permeability into the brain through the BBB is still disputed, because several studies reported that GABA diffuses across the BBB, in small amounts \[[@b14-pi-2019-05-13-2],[@b18-pi-2019-05-13-2]\]. Boonstra et al. \[[@b14-pi-2019-05-13-2]\] proposed that this inconsistency could be attributed to variation in chemical compounds, used in studies reporting the permeability of GABA, methods of administration (oral versus intraperitoneal), and the species used such as rats, mice, rabbits and dogs. Previous reports demonstrated minimal blood-to-brain transfer of GABA under normal physiological conditions. The BBB efflux of GABA exceeds its BBB influx by 16-fold \[[@b20-pi-2019-05-13-2]\]. However, several previous studies suggested that the permeability of GABA may be altered under certain conditions. For example, Shyamaladevi et al. \[[@b18-pi-2019-05-13-2]\] reported that GABA levels increased in brain following the administration of higher GABA and L-arginine concentrations at 10 min. They suggested that GABA penetrated into brain under conditions of increased brain nitric oxide concentration, and L-arginine increases BBB permeability to GABA. In addition, the synthesis of GABA carriers, which penetrated the BBB and were metabolized to GABA inside the CNS were also investigated. Frey et al. \[[@b21-pi-2019-05-13-2]\] reported that the convulsant thresholds were increased after oral administration of cetyl GABA. Jacob et al. \[[@b22-pi-2019-05-13-2]\] reported that intraperitoneal injection of di-GABA lipid ester produced a considerable inhibition of general motor activity in mice. Meanwhile, Biswas et al. \[[@b23-pi-2019-05-13-2]\] reported that high doses of intraperitoneal GABA injection altered the monoamine levels and their synthesis, similar to levels observed after intra-cerebroventricular injection. They suggested that a limited diffusion of GABA from blood into brain induced physiological changes in monoaminergic neurons. Thus, although the results of this study cannot conclusively determine whether BSRGE GABA component can pass through BBB, daily intake of BSRGE in previous studies altered the degree of alcohol intake \[[@b11-pi-2019-05-13-2]\], alcohol-related indices \[[@b12-pi-2019-05-13-2]\] and anxiety-related behaviors \[[@b13-pi-2019-05-13-2]\] and its results may be related to an increase of GABA concentration and neurotransmission in CNS after BSRGE intake.

The glutamate concentration of BSRGE group was not different from that of the regular feeding group. This result is not surprising because of the constant regulation of brain glutamate concentrations. Glutamate is typically considered as the most important excitatory neurotransmitter in CNS. However, prolonged elevation in glutamate levels in the brain interstitial fluid (ISF) are highly cytotoxic, a phenomenon known as excitotoxicity \[[@b24-pi-2019-05-13-2]\]. The overexcitation of neurons by glutamate may result in calcium influx that activates catabolic enzymes, resulting in neuronal death. Therefore, glutamate normally does not enter the brain. Additional reports indicate that it may be actively extruded from brain \[[@b25-pi-2019-05-13-2]\]. The factors underlying the significantly lower glutamate concentration following exposure to GABA compound compared with regular feed are unclear. Glutamate is extensively metabolized via glutamine synthetase to glutamine or via aminotransferases or glutamate dehydrogenase to alpha-ketoglutarate. Conversely, glutamate can be synthesized from glutamine and alpha-ketoglutarate \[[@b24-pi-2019-05-13-2]\] and glutamate also serves as the precursor for GABA synthesis, catalyzed by glutamate decarboxylase \[[@b26-pi-2019-05-13-2]\]. Further studies are needed to determine whether oral administration of GABA compound affected its metabolism.

The results of food intake and weight loss in this study cannot be established firmly, because they were not the primary outcomes of the study although it is interesting results. The BSRGE group consumed less food and showed greater weight loss compared with the GABA compound group. Interestingly, GABA and glutamate are known to be related to appetite regulation and feeding behavior. The hypothalamus is the principal appetite control site of brain and contains several peripheral signals that modulate the activity of orexigenic and anorexigenic neurons, including the orexigenic peptide ghrelin and the anorexigenic hormones insulin and leptin. Glutamate and GABA are the two neurotransmitters that account for most of the synaptic activity in the hypothalamus \[[@b27-pi-2019-05-13-2]\]. In addition, GABA has been suggested to play an important role in the recognition of the type, quantity and quality of food by regulating the signal transmission between neurons in brain circuits \[[@b28-pi-2019-05-13-2]\]. Hypoglycemic periods hinder GABA release in the substantia nigra and the ventral tegmental area, which are areas that project to the frontal cortex, and raise dopamine concentration and disinhibition of the frontal cortex \[[@b29-pi-2019-05-13-2]\]. The prefrontal cortex plays a role in cognitive functions such as food selection \[[@b30-pi-2019-05-13-2]\].

This study has several limitations. First, a small number of experimental mice were used in this study. Second, a significantly longer duration of feeding BSRGE is needed to observe the maintenance of GABA and glutamate concentrations in CNS. Third, only the striatum and cortex, and not the whole brain or additional area of brain, were used to measure GABA and glutamate concentrations in the CNS. The striatum and cortex in the brain contain an abundance of GABA receptors \[[@b31-pi-2019-05-13-2]\]. Moreover, because striatum mediates the reward process, motor control, executive cognition and social behavior \[[@b32-pi-2019-05-13-2]\], it may represent a valuable area of investigation in the study. Despite these limitations, this study demonstrated that the daily intake of rice enriched with GABA might influence the GABA concentrations in CNS. Therefore, this study can be considered as a preliminary study in our investigation into the clinical effects of GABA extract.
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###### 

Physicochemical property of 'Nunkeunheugchal'

  Variety           Single embryo weight (mg)   GABA (mg/100 g)   Anthocyanin (mg/100 g)   γ-Oryzanol (mg/100 g)   Lipid (%)   Minerals (mg/100 g)                  
  ----------------- --------------------------- ----------------- ------------------------ ----------------------- ----------- --------------------- ------ ------- ------
  Nunkeunheugchal   1.46                        34                88                       129                     32          2.6                   33.8   136.6   4.57
  Josaengheugchal   0.51                        5                 55                       118                     29          3.1                   23.5   119.3   2.07

###### 

Composition of experimental feeds^[\*](#tfn1-pi-2019-05-13-2){ref-type="table-fn"}^

  Ingredient                                                             Regular feed   GABA compound with regular feed   BSRGE
  ---------------------------------------------------------------------- -------------- --------------------------------- -------
  Casein                                                                 20.0           20.0                              20.0
  Sucrose                                                                50.0           49.9                              10.0
  Cornstarch                                                             15.0           15.0                              15.0
  Corn oil                                                               5.0            5.0                               5.0
  Cellulose                                                              5.0            5.0                               5.0
  Mineral mixture                                                        3.5            3.5                               3.5
  Vitamin mixture                                                        1.0            1.0                               1.0
  Choline bitartrate                                                     0.2            0.2                               0.2
  DL-methionine                                                          0.3            0.3                               0.3
  Rice bran in embryo^[†](#tfn2-pi-2019-05-13-2){ref-type="table-fn"}^   \-             \-                                40.0
  GABA^[‡](#tfn3-pi-2019-05-13-2){ref-type="table-fn"}^                                 0.1                               
  Total                                                                  100.0          100.0                             100.0

all components are expressed in units of g/100 g feeds,

GABA content of rice bran in embryo is 190 mg/100 g,

GABA: sigma.

BSRGE: Black Sticky Rice Giant Embryo

###### 

Amount of each feed intake and 48-h changes in weight

                                      BSRGE (a)      Regular feed (b)   GABA compound with regular feed (C)   p value (a, b, c)                                           p value (a vs. b)   p value (a vs. c)                                         p value (b vs. c)
  ----------------------------------- -------------- ------------------ ------------------------------------- ----------------------------------------------------------- ------------------- --------------------------------------------------------- ---------------------------------------------------------
  Amount of intake (g/kg) (mean±SD)   179.38±41.60   205.47±27.59       238.48±21.16                          0.009^[\*](#tfn4-pi-2019-05-13-2){ref-type="table-fn"}^     0.409               0.007^[\*](#tfn4-pi-2019-05-13-2){ref-type="table-fn"}^   0.192
  Change of weight (g) (mean±SD)      -1.70±0.68     -0.89±0.51         -0.22±0.25                            \<0.001^[\*](#tfn4-pi-2019-05-13-2){ref-type="table-fn"}^   0.082               0.002^[\*](#tfn4-pi-2019-05-13-2){ref-type="table-fn"}^   0.038^[\*](#tfn4-pi-2019-05-13-2){ref-type="table-fn"}^

p\<0.05.

BSRGE: Black Sticky Rice Giant Embryo

###### 

Effect of GABA and glutamate concentrations on cortex and striatum of mouse after 48-h administration each feed

                                                      BSRGE (a)   Regular feed (b)   GABA compound (c)   p value (a, b, c)                                           p value (a vs. b)                                           p value (a vs. c)                                           p value (b vs. c)
  --------------------------------------------------- ----------- ------------------ ------------------- ----------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------- ---------------------------------------------------------
  Brain GABA concentration (mean±SEM) (µmol/L)        5.72±0.22   4.53±0.08          4.31±0.05           \<0.001^[\*](#tfn5-pi-2019-05-13-2){ref-type="table-fn"}^   \<0.001^[\*](#tfn5-pi-2019-05-13-2){ref-type="table-fn"}^   \<0.001^[\*](#tfn5-pi-2019-05-13-2){ref-type="table-fn"}^   0.496
  Brain glutamate concentration (mean±SEM) (µmol/L)   0.41±0.02   0.44±0.03          0.32±0.01           0.005^[\*](#tfn5-pi-2019-05-13-2){ref-type="table-fn"}^     0.674                                                       0.030^[\*](#tfn5-pi-2019-05-13-2){ref-type="table-fn"}^     0.005^[\*](#tfn5-pi-2019-05-13-2){ref-type="table-fn"}^

p\<0.05.

BSRGE: Black Sticky Rice Giant Embryo
